[1] Measurements of isoprene and its oxidation products, methacrolein, methyl vinyl ketone and peroxymethacrylic nitric anhydride, were conducted between 13 June and 14 July 1999, at the Cornelia Fort Airpark during the Nashville intensive of the Southern Oxidant Study. Trends in isoprene and its oxidation products showed marked variability from night-to-night. The reaction between isoprene and the nitrate radical was shown to be important to the chemical budget of isoprene and often caused rapid decay of isoprene mixing ratios in the evening. Trends in methacrolein, methyl vinyl ketone, and peroxymethacrylic nitric anhydride were steady during the evening isoprene decay period, consistent with their slow reaction rate with the nitrate radical. For cases when isoprene sustained and even increased in mixing ratio throughout the night, the observed isoprene oxidation rates via the hydroxyl radical, ozone, and the nitrate radical were all small. Sustained isoprene mixing ratios within the nocturnal boundary layer give a unique opportunity to capture hydroxyl radical photochemistry at sunrise as isoprene was observed to rapidly convert to its first stage oxidation products before vertical mixing significantly redistributed chemical species. The observed nighttime isoprene variability at urban, forested sites is related to a complex coupling between nighttime boundary layer dynamics and chemistry.
Introduction
[2] Understanding the contribution of biogenic emissions of isoprene (ISOP) to local and regional air pollution is critical to enforcing effective air quality control strategies in forested environments [Trainer et al., 1987; Chameides et al., 1988] . Several studies have attempted to quantify the contribution of ISOP to ozone (O 3 ) formation at forested sites impacted by nitric oxide (NO) emissions and found, that for certain periods, ISOP photochemistry can dominate the photochemical production of O 3 [Williams et al., 1997; Roberts et al., 1998; Starn et al., 1999a; Roberts et al., 2002] . The chemical removal of ISOP from the atmosphere is determined by the mixing ratios of various oxidants such as the hydroxyl radical (OH), O 3 and the nitrate radical (NO 3 ). Kinetic and mechanistic studies have been performed to determine the rate at which ISOP reacts with each of these oxidants [Carter and Atkinson, 1996; Stevens et al., 1999] . For typical daytime oxidant levels in an urban environment (0.3 pptv OH, 60 ppbv O 3 and 0.5 pptv NO 3 ), ISOP chemical lifetimes are 0.4 hr, 14 hrs, and 30 hrs, respectively. Thus, during the daytime, OH-initiated oxidation dominates the chemical removal of ISOP. Product studies have identified that formaldehyde (HCHO), methacrolein (MACR) and methyl vinyl ketone (MVK) are the major products of OH-initiated ISOP oxidation:
ISOP þ OH ! 0:63 HCHO þ 0:32 MVK þ 0:23 MACR þ others ð1Þ
MACR can further react in the atmosphere to yield peroxymethacrylic nitric anhydride (MPAN) which, in turn, can thermally decompose or react with OH:
MACR þ OH ! 0:5 MA À RCO 3 þ others ð2Þ
[3] However, at night, OH drops by more than an order of magnitude, while NO 3 has been observed to increase by more than an order of magnitude [Platt et al., 1980; Geyer et al., 2001] . The result is that NO 3 -initiated oxidation can dominate the nighttime chemical removal of ISOP. The mixing ratios of NO, NO 2 , O 3 , as well as others, are critical in determining the nighttime abundance of NO 3 . The NO 3 radical is produced directly from the reaction of O 3 and NO 2 :
The NO 3 radical reacts rapidly with NO. However, O 3 also reacts rapidly with NO and the abundance of O 3 usually maintains NO at very low levels at night:
In the absence of significant NO emissions, the NO 3 radical is available to oxidize reactive hydrocarbons such as ISOP. However, large NO emissions concentrated in a shallow nocturnal boundary layer (NBL) can titrate NO 3 , as well as O 3 and other radicals (HO 2 , RO 2 , OH), resulting in a surface layer with low oxidizing capacity. The NO 3 radical can also react with NO 2 to form dinitrogen pentoxide (N 2 O 5 ). Both NO 3 and N 2 O 5 can be lost heterogeneously:
Thus, the nighttime mixing ratios of NO x , are critical in determining the oxidants available to chemically remove ISOP. At low NO x mixing ratios (<0.01 ppbv), radicalradical reactions dominate the chemistry and oxidant mixing ratios (NO 3 , OH and O 3 ) are low. At intermediate NO x mixing ratios (0.10 -10 ppbv), peroxy radical + NO reactions dominate the chemistry and NO 3 , OH and O 3 maximize in concentration. In extremely high NO x environments (>100 ppbv), oxidant + NO x reactions (i.e., OH + NO 2 ! HNO 3 , 7 and 8) suppress the levels of NO 3 , OH and O 3 which results in long ISOP chemical lifetimes.
[4] An important question regarding nighttime chemistry is what impact the ISOP reaction with NO 3 has on the fate of both ISOP and NO x in forested environments impacted by emissions of NO. Product studies have identified the C 5 nitrato carbonyl (RCHO-NO 3 ) as the dominant products of NO 3 -initiated ISOP removal:
Starn et al. [1998b] postulated that the C 5 nitrato carbonyl products may be a significant fraction of odd nitrogen (NO y ) and represent an efficient mechanism for NO x removal at night. Gas-phase removal of NO 3 will compete with heterogeneous loss of NO 3 at night [Dentener and Crutzen, 1993; Jacob, 2000; Martinez et al., 2000; Geyer et al., 2001] . Understanding the mechanisms of NO x and reactive carbon removal from the nighttime atmosphere is important because it impacts the ''fuel'' available for the next day's photochemical production of O 3 .
[5] During the Nashville intensive of the 1999 Southern Oxidant Study, we conducted measurements of ISOP and its oxidation products, MACR, MVK, MPAN. The goal of this paper is to identify which oxidants control the nighttime removal of ISOP at an urban, forested site, specifically focusing on the day-to-night and night-to-day transitions. To address this question we first examine time series data (ISOP, MACR, MPAN, O 3 , NO x ) to identify nocturnal patterns and then single out specific periods for more detailed study (e.g., evenings when ISOP decayed rapidly, nights when ISOP increased, early mornings when ISOP decayed rapidly). For specific case study periods, we report simultaneous measurements of OH, O 3 and NO 3 so that the contribution of each oxidant to ISOP chemical removal could be determined. Meteorological measurements of wind speed, wind direction, water vapor and boundary layer heights were also conducted to understand nighttime boundary layer dynamics.
Site Description and Experimental Methods

Site Description
[6] The chemical measurements were conducted between 13 June and 14 July, 1999, in sub-urban Nashville, Tennessee, at the Cornelia Fort Air Park (CFA). The site was in a pasture field along the Cumberland River basin with the vegetation being primarily small stands of deciduous trees. The Air Park is approximately 8 -9 km northeast of downtown and just west of the Cumberland River. The countryside surrounding Nashville is heavily forested with hardwood deciduous trees and to a less extent conifers. The gas-phase and general meteorological measurements were made from two 10 m towers. The profiler instruments were operated several hundred meters north of the sampling towers within the Air Park.
Measurement Descriptions
[7] Gas chromatographic (GC) measurements of ISOP, MACR, MVK and other C 2 -C 5 volatile organic compounds (VOCs) were made hourly using methods described by Stroud et al. [2001] , and are only briefly summarized here. Measurements were made using an automated instrument based on solid sorbent preconcentration, cryofocussing, GC separation and flame ionization detection. Calibration standards in the parts per trillion (by volume) range were generated by dynamic dilution of primary gas standards at the sampling site. The primary standards were prepared gravimetrically by established techniques in Acculife-treated aluminum cylinders [Apel et al., 1998 ]. Detection limits for the C 4 carbonyl compounds and ISOP were 0.05 ppbv and 0.03 ppbv, respectively, for a 400 scc air sample. GC measurements of the PAN compounds, including MPAN, were made every 15 min with an electron capture detector as described by Roberts et al. [2002] . Detection limits were 5 pptv for a 2 cm trometry (PTR-MS) was also used to perform fast-response measurements of ISOP, MACR+MVK and MPAN as described by Hansel and Wisthaler [2000] . The GC and PTR-MS measurements of ISOP, MACR+MVK and MPAN shared common standards throughout the study.
[8] Fast response measurements of O 3 were performed by O 3 -NO chemiluminescence and calibrated based upon a UV absorption instrument [Williams et al., 1998 ]. Measurements of NO x and NO y were also performed by NO-O 3 chemiluminscence with a xenon lamp for NO 2 conversion to NO and a molybdenum (Mo) converter for NO y species conversion to NO [Williams et al., 1998 ]. The OH data were measured in a low pressure cell atop the 10 m tower by laser-induced fluorescence at 308 nm as described by Mather et al. [1997] . OH detection limits were estimated at 0.04 pptv for a 1 min. average. Measurements of NO 3 were performed using differential optical absorption spectrometry (DOAS) [Stutz and Platt, 1997] with several different long paths operated near CFA. The upper path measurement was made between the Gaylord Building just east of the Cumberland River and the State Laboratory on Heart Lane. The State Laboratory is located $4 km northeast of CFA resulting in a beam path length of 5232 m. The middle path was operated between the Gaylord Entertainment Building and CFA with a path length of 1367 m. The upper and middle paths were 35-72 m and 2 -35 m above the ground, respectively. Detection limits varied with atmospheric conditions in the range 1.2-13.9 pptv. To address how representative the DOAS sampled air masses were to the tower measurements, a comparison of the DOAS and tower NO 2 data was performed. A linear best-fit analysis of the tower NO 2 measurements versus middle path DOAS NO 2 measurements for the evening hours between 17:00 and 21:00 CST (Central Standard Time) yielded a slope of 0.82 and a correlation coefficient R 2 = 0.80, suggesting similar air masses were sampled with the middle path and the tower. After 09:00 CST and throughout the night, strong inversions frequently formed at CFA resulting in conditions of stratification in the NBL. Since the upper path measurements were acquired from an altitude considerably higher than the tower and averaged over a longer path, there are difficulties in comparing the upper path measurements with the tower measurements; thus, care must be taken in interpreting the upper path NO 3 data. However, for the periods of rapid ISOP decay near sunset, the upper path DOAS and tower NO 2 measurements were observed at similar mixing ratios suggesting that it is possible to use the long path NO 3 data to study ISOP oxidation in the early evening time period.
[9] Wind profiler (915 MHz) and SODAR measurements of boundary layer height were made in support of the chemical measurements. The wind profiler observes the mixing height as a peak in radar reflectivity due to the humidity gradient at the boundary layer top. This measurement has been extensively validated [Cohn and Angevine, 2000; Grimsdell and Angevine, 1998; Angevine et al., 1994] .
Results and Discussion
General
[10] Figures 1 and 2 show the chemical measurements of ISOP, MACR, MPAN, O 3 and NO x along with ISOP loss rates via reaction with OH, NO 3 and O 3 for selected periods between 18 -28 June 1999, and 2 -13 July 1999. The interesting feature about the ISOP measurements is the lack of a consistent diurnal pattern. There are numerous nights (19 June, 23 June, 6 July, 9 July, 11 -13 July) when ISOP mixing ratios were observed to decrease below instrumental detection limits (<30 pptv). However, there are also several nights when ISOP maintained daytime mixing ratios and even increased in mixing ratio throughout the night (22 June, 25 June, 6 July, and 10 July). This is in contrast to other studies which have showed a consistent diurnal profile with increased ISOP mixing ratios during the daylight hours and a decline in the evening after sunset [Montzka et al., 1993; Goldan et al., 1995; Biesenthal et al., 1997; Hurst et al., 2001] . These other studies were all performed at isolated forested sites. Since ISOP emissions are a strong function of photosynthetically active irradiance and temperature [Fehsenfeld et al., 1992] , one might expect the highest mixing ratios during the daytime. However, there have also been studies reported where ISOP shows marked diurnal variability, similar to the observations here, and were attributed to a complex combination of dynamics and chemistry (Youth site during SOS 1995 as reported by Starn et al. [1998b] . In comparing the Youth site with the CFA site, the one striking similarity is the proximity of both studies to an urban center and associated high levels of NO x . The Youth site is considered suburban (32 km southeast of downtown Nashville) and consistently encountered evening/nighttime NO x levels between 1 -10 ppbv. Figures 1 and 2 show that NO x levels were even higher at the CFA site with several evenings/nights with NO x over 50 ppbv (22 June; 5 -7 July). These high NO x nights generally correspond with nights when ISOP reached its highest mixing ratios. As shown in Figures 1 and 2, these high NO x nights also correspond to times when O 3 levels were very low due to titration of the O 3 by fresh urban emissions of NO in a shallow NBL. The evening of 5 July and night of 6 July stand out as the ISOP mixing ratio increased throughout the night to $6 ppbv just before dawn. There are also periods in Figures 1 and 2 when ISOP mixing ratios peaked near sunset and then sharply declined (27 June, 3 July, and 5 July) with a time scale of only a couple of hours. The early evening ISOP maximum is caused by continuing emissions of ISOP into a shallow NBL which grows from the surface upward. However, the meteorological and/or chemical conditions resulting in the rapid ISOP decay are still poorly characterized [Starn et al., 1998a [Starn et al., , 1998b Hurst et al., 2001] .
[11] Other ISOP oxidation products, namely MACR and MPAN, are also shown in Figures 1 and 2 . MACR mixing ratios show remarkable variability from night-to-night, similar to ISOP. In general, for nights when ISOP sustained high mixing ratios or even increased, MACR was also observed at higher than average mixing ratios. For the evenings when ISOP decayed rapidly after sunset, MACR did not show a consistent pattern. There are evenings when MACR increased (22 June, 7 July) and evenings when MACR decreased along with ISOP (27 June and 8 July). In contrast, MPAN shows a much more consistent diurnal pattern with the highest levels observed around noon. Since OH-initiated MACR oxidation rates peak at midday hours, these observations are consistent with our view of MPAN as a local indicator of fast ISOP photochemistry [Nouaime et al., 1998 ]. However, in looking at the nighttime MPAN trends there appears to be an anti-correlation between MPAN and its precursors MACR and ISOP. For the evenings when ISOP and MACR were observed at unusually high mixing ratios, the MPAN mixing ratios were below detection limit (<5 pptv). As shown in Figures 1 and 2, these nights all correspond to very low O 3 levels and high NO x levels (22 June, 5 -7 July). Conversely, on nights when ISOP decayed to below detection limit, the MPAN mixing ratios were higher than the MPAN nighttime average (23 June, 8 July, 12 July).
[12] Table 1 summarizes the statistics for the nighttime GC measurements of ISOP and its oxidation products (21:00 -06:00 CST). The large variability in the nighttime ISOP data can be seen in the wide range between ISOP minimum (<0.03 ppbv) and maximum (6.6 ppbv) mixing ratio and the large 1s standard deviation about the mean, 0.48 ± 0.86 ppbv. ISOP's oxidation products show less nighttime variability likely due, in part, to their longer chemical lifetimes in the NBL.
[13] Throughout the study, there were a wide range of nighttime NO mixing ratios (between 1 pptv and 80 ppbv). The highest NO 3 mixing ratios (between 40 and 100 pptv) were observed with NO mixing ratios in the range between 1 pptv and 100 pptv. Nighttime NO 3 mixing ratios were consistently observed at their lowest mixing ratios (<20 pptv) when NO was measured above 1 ppbv. Thus, the observed NO 3 dependence on NO is consistent with our understanding of nighttime chemistry. Figures 1 and 2 did not play a critical role at any time throughout the study. The ISOP loss rate via OH (k OH [OH] ) shows a consistent diurnal pattern with peak oxidation rates at noon and the slowest rates at night. Conversely, the ISOP loss rate via NO 3 (k NO3 [NO 3 ]) shows larger ISOP removal rates for the evening and nighttime periods. However, the ISOP loss rate via NO 3 is highly variable from night-to-night. The striking feature of the ISOP loss rate data is that there are nights when the ISOP oxidation rates by NO 3 are comparable to the peak daytime ISOP oxidation rates by OH. In comparing the ISOP and NO 3 nighttime measurements, there appears to be a negative correlation as evenings with fast ISOP decays and very low ISOP mixing ratios are consistent with the highest nighttime NO 3 mixing ratios (23 June, 8 -9 July, 12-13 July). For the evenings when ISOP decayed rapidly, the start of the decays varied from night-to-night with times as early as 17:00 CST and some as late at 21:00 CST. In an attempt to understand the important chemical removal processes during these times, a diurnal average was calculated for ISOP and the ISOP loss rates via OH and NO 3 . Figure 3 shows the results of the diurnal calculation for the hours between 16:00 and 23:00 CST. There appears to be a cross-over point at $19:00 CST where early ISOP decay times are dominated by OH-initiated removal and later decay times are dominated by NO 3 -initiated removal. However, caution should be used in applying these guidelines to each night, as the uncertainty limits (1s standard deviations representing night-to-night variability) are quite large. These measurements are consistent with the results of Hurst et al. [2001] , who, at times, observed two different decay time periods to the evening ISOP decline and attributed this to the different removal rates by OH early and NO 3 later in the decay. An interesting feature of these diurnal profiles is that the early evening period coincides with minimum ISOP loss rates, an effect that might contribute to the higher ISOP observed at this time.
[14] Clearly, the trends in ISOP and its oxidation products are influenced by a wide range of biological, chemical and dynamical processes. The impact of urban fluxes dramatically alters the chemistry of a region on short time scales which makes diurnal averaging of data difficult to interpret. Since the trends in these chemical species are so widely variable from night-to-night, we will focus the remainder of the paper on describing, in detail, several intriguing case studies which are unique to urban, forested environments under moderate to high NO x conditions. Section 3.2 describes several ISOP evening decays under intermediate NO x and high NO 3 conditions. Section 3.3 details the evening/early morning of 5 -6 July, a high NO x and low NO 3 nighttime period when ISOP increased in concentration. Section 3.4 describes a period of rapid ISOP photochemistry on the morning of 6 July after sunrise but before vertical mixing significantly redistributed the chemical species. These selected case studies represent conditions where we believe chemical rather than meteorological processes dominate the ISOP trends. Kwok et al. [1996] . Figure 4 also shows the mixing ratios of NO, NO 2 and O 3 on the evening of 23 June 1999. We were in an intermediate NO x environment (8 -35 ppbv) with low NO mixing ratios (<1 pptv) suggesting we were in the regime for optimum NO 3 mixing ratios and optimum ISOP loss rates via reaction with NO 3 .
Cases
[16] Measurements of water vapor, wind speed, wind direction and NBL height were used to understand the daytime/nighttime transition in the boundary layer. Water vapor was observed to increase starting at 16:00 CST consistent with continuing surface emissions of water vapor into a less convective boundary layer. A thunderstorm gust front passed over CFA at 18:10 CST. The cooler air behind the gust front help set up a low-level jet at an altitude of 100 m. After 18:20 CST, the water vapor trace lost its highfrequency fluctuations suggesting the formation of a lowlevel inversion with a stratified surface layer below. The SODAR measurements after the gust front show that the NBL inversion varied in height between 100 and 200 m. Winds were generally from the southeast direction at both the start and end of the ISOP decay time period; however, wind directions shifted to the northwest for a short period associated with the gust front. Wind directions were variable (100°-250°) throughout the night following the evening ISOP decay.
[17] One possible explanation for the observed ISOP decay is a shift in wind direction to an ISOP-poor region associated with the gust front and variable winds thereafter. However, other ISOP products (such as MACR, MVK and MPAN) did not show large variability before and after the gust front suggesting similar chemical history for the air before and after the gust front. In addition, with relatively high and variable winds throughout the night, if advection from ISOP-poor regions were causing the decay process, then an oscillation of ISOP, MACR and MVK mixing ratios would have been expected throughout the night as wind direction fluctuated. Thus, it seems unlikely that advection can explain the observed ISOP decay. However, the nighttime dynamics may still couple with chemistry in an important way at the CFA site. The height of the NBL may play a critical role in determining the amount of dilution for emitted gases such as NO and thus play a critical role in the O 3 and NO x balance at the surface. Evenings with generally high NBL heights result in greater dilution of urban NO emissions compared to evening with lower NBL heights. As a result, evening with relatively high and constant NBL heights throughout the ISOP decay, such as 22 June, also maintain significant O 3 mixing ratios. The titration of the NO by O 3 results in very low NO mixing ratios within the NBL and favorable conditions for NO 3 production. In this way, the height of the NBL affects the dilution of urban NO emissions and the eventual oxidizing capacity of the NBL. In summary, on this night, OH oxidation early on and then NO 3 oxidation later appears responsible for the chemical loss of ISOP during the observed decay.
Evening/Nighttime of 7 -8 July 1999
[18] Figure 5 presents the ISOP, MACR, MPAN, NO, NO 2 , O 3 and ISOP loss rates by OH and NO 3 for the period of ISOP decay starting at 19:00 CST on 7 July 1999. The ISOP decayed exponentially from a mixing ratio of 0.86 ppbv with an observed 1/e time constant of 0.9 hrs. During the ISOP decay, the middle path measurement of NO 3 rose sharply peaking at 54 pptv. The ISOP loss rates by OH and NO 3 suggest that NO 3 reaction was the dominant chemical removal term for ISOP throughout most of the ISOP decay. This is due to the later start time for the ISOP decay compared to the previous 22-23 June case study. From the NO 3 and OH measurements during the ISOP decay, we calculate an ISOP chemical lifetime of 1.3 hr at the start of the decay and 0.25 hr by the end of the decay. These short chemical lifetimes are consistent with the time scales for the observed ISOP decay.
[19] Figure 5 also presents the measurements of MACR and MPAN for the evening and night of 7 -8 July 1999. Both the MACR and MPAN increased in mixing ratio throughout the ISOP decay and then, in general, decreased in mixing ratio throughout the night. The observed levels of MACR were in the range 0.4-0.8 ppbv, relatively high and similar to the 22-23 June case study. The observed levels of MPAN were in the range 50-100 pptv, again relatively high and similar to the 22-23 June case study. The sustained levels of MACR and MPAN throughout the night likely result from their slower rate of reaction with NO 3 . Figure 5 also shows the balance between NO, NO 2 and O 3 for the evening and night of 7 -8 July 1999. NO remained at low mixing ratios (<10 pptv) throughout the night. NO 2 generally increased throughout the evening (10 -40 ppbv) and remained in this range throughout the night. O 3 decreased from 60 to 2 ppbv throughout the night, but at no period was completely titrated by NO emissions. These conditions are optimum for rapid NO 3 formation and efficient NO 3 -initiated ISOP removal.
[20] Winds remained steady from the northeast direction (10°-30°) throughout the isoprene decay time period while wind speeds generally decreased from 3 m/s to less than 1 m/s. The local wind measurements at CFA are consistent with back-trajectory analysis (HYSPLIT4 (HYbrid SingleParticle Lagrangian Integrated Trajectory) Model, 1997, available at http://www.arl.noaa.gov/ready/hysplit4.html, NOAA Air Resources Laboratory, Silver Spring, Maryland) which show air parcels arriving at CFA from the north throughout the ISOP decay period. Steady wind directions and the fact that MACR and MPAN show little change in mixing ratio as ISOP decays rapidly supports NO 3 chemistry rather than advection of an air mass of different history. The SODAR measurements show significant wind shear and vertical mixing within the NBL on this evening. NBL heights varied between 100 -200 m, similar to the 22-23 June case study. Wind shear in the NBL will help to destratify high levels of NO in the surface layer, thus enabling high levels of NO 3 to form near the surface.
Case Studies: Sustained High Nighttime ISOP Mixing Ratios
[21] The evening of 5 July 1999, and early morning of 6 July 1999, was an unusual period because ISOP was observed to increase by an order of magnitude from a typical daytime value of 0.5 ppbv to nighttime mixing ratios in the range 2.5 -6.6 ppbv. Figure 6 shows the measurements of ISOP, MACR+MVK, MPAN, NO, NO 2 , O 3 , ISOP loss rates via OH and NO 3 , water vapor, and surface wind direction and wind speed for this period. Figure 6 also presents the fast response PTR-MS measurements for ISOP and MACR+MVK. The consistency between these two vastly different measurement techniques for ISOP and MACR+MVK confirms the anomalously high ISOP mixing ratios observed on this night were real. The sum of the MACR+MVK mixing ratios was also high during this night with mixing ratios between 1.8-4.0 ppbv. Conversely, MPAN was below detection limit throughout the night. To understand these chemical trends, it is useful to look at the balance between O 3 and NO x . In contrast to the previous two case studies (22) (23) (7) (8) , the evening and night of 5 -6 July was impacted by large emissions of NO. On the evening of 5 July, O 3 was completely titrated by NO at 22:00 CST and NO increased in mixing ratio throughout the night to levels between 40-80 ppbv at sunrise. O 3 , OH and NO 3 were all suppressed throughout the night under these high NO conditions and high NO/NO 2 ratios. Figure 6 also presents the observed instantaneous ISOP loss rates via OH and NO 3 . Throughout the evening and night, k NO3 [NO 3 ] and k OH [OH] remained low. The average of k NO3 [NO 3 ] from the middle path DOAS measurement was 0.3 ± 0.4 hr À1 between the hours of 19:00 and 01:00 CST resulting in a less efficient chemical removal of ISOP compared to the previous case studies. The large NO/NO 2 ratios also result in an efficient loss mechanism for MPAN, as the thermal equilibrium between MPAN and the peroxyacyl radical (R3) is continuously perturbed by the rapid peroxyacyl radical reaction with NO (R4). For example, between 21:30 and 23:15 CST, the NO/NO 2 ratio increased from 2.7 Â 10 À3 to 1.0. This corresponds to a decrease in MPAN lifetime from 180 hrs to 1.5 hrs. This large change in lifetime likely explains the observed decrease in MPAN mixing ratio from 68 pptv to below detection limit (<5 pptv) in a matter of 2 hours. [22] The meteorological data for this evening support the formation of a shallow stable NBL just before sunset. The water vapor measurements can be used to give an indication of the collapse of the daytime mixed layer, as a reduction in vertical mixing results in the water vapor trace losing its high frequency perturbations. At CFA, on the evening of 5 July, this transition occurred at 19:00 CST. The wind direction also shifted and wind speeds dropped to very low levels (<0.25 m/s). The water vapor trend did begin to increase at 17:30 CST, suggesting the boundary layer was Figure 6 . The top panel presents the GC and PTR-MS measurements of ISOP and MACR+MVK, as well as the GC measurements of MPAN for 5 -6 July 1999, between 14:00 and 12:00 CST. The second panel shows the measurements of O 3 , NO and NO 3 . The third panel presents the OH-and NO 3 -initiated ISOP loss rates from the tower measurement of OH and both upper and middle path measurements of NO 3 . Vertical bars represent estimated 1s errors. The bottom panel presents the surface measurements of wind direction, wind speed and water vapor. Wind direction data are presented only for wind speeds greater than 1 m/s. still convective between 17:30 and 19:00 CST but the mixing heights were decreasing. The ISOP measurements between 17:00 and 20:00 CST are consistent with the theory that surface emissions were being concentrated in a stable surface layer as ISOP increased from 1.1 to 4.0 ppbv. The SODAR measurements also show the formation of a shallow NBL with a height of 75 m. The SODAR data also indicate that the NBL remained stable throughout the night. This is confirmed by the O 3 measurements which did not show any spikes that might be indicative of vertical mixing. Back-trajectory analysis for this period suggests air masses originated from northwest of Nashville, an area rich in ISOP emissions. The combined analysis of the measurements suggests that the sustained high ISOP mixing ratios throughout the night resulted from the formation of a shallow, stable NBL with surface air parcels originating in ISOP-rich regions outside Nashville. On transport to the site, air parcels were enriched in NO by urban emissions resulting in a surface layer with low oxidizing capacity and long ISOP chemical lifetimes.
Case Studies: Early Morning Signature of OH-Photochemistry on 6 July 1999
[23] Two hours after sunrise, between 06:45 and 08:00, ISOP mixing ratios were observed to sharply drop with a corresponding increase in MACR+MVK. Figure 7 shows the PTR-MS measurements of ISOP and MACR+MVK for the 30 min period starting at 06:47 CST. ISOP decreased from 4.9 to 3.2 ppbv while MACR+MVK increased from 4.2 to 5.2 ppbv. A 0-D chemical box model was used to investigate the possible OH-initiated chemical conversion of ISOP to its first-stage oxidation products, MACR and MVK. The OH measurements were used to constrain time-dependent pseudo-first order rate coefficients for the OH reactions with ISOP, MACR and MVK. The traces in Figure 7 are the results of the chemical box model (integrated with Facsimile) initialized with mixing ratios at 06:47 CST. Since the model required speciation for MACR and MVK and the PTR-MS measured only the sum, speciation was determined from the GC measurements of MVK and MACR at 07:00 CST and applied to the initial PTR-MS sum at 06:47 CST. The general consistency between the ISOP decay and the model suggests that on this morning OH was an important oxidant converting ISOP to its first-stage products, MACR and MVK.
[24] The MVK/MACR ratio has been modeled previously and a daytime ratio of 2.0 is expected from OHinitiated photochemistry [Montzka et al., 1993] . The GC measurements of MVK and MACR between 07:00 and 08:00 CST increased in mixing ratio by 0.52 ppbv and 0.26 ppbv, respectively. Thus, the ratio of the MVK mixing ratio change to the MACR mixing ratio change was 2.0, identical to that expected from OH-kinetics, and further supports that the production of MVK and MACR during this early morning time period was driven by OH-photochemistry.
[25] Interpreting the trends in chemical species based purely on chemistry is complicated during this period due to the growth of the surface layer. Water vapor can again be used as a tracer of boundary layer dynamics. At sunrise, surface evaporation results in water vapor being concentrated in the surface layer; however as the boundary layer grows, drier air is entrained from the residual layer. The competing factors result in a surface water vapor maximum and then decline. Turbulent mixing as the boundary layer grows also results in the water vapor trace exhibiting high frequency perturbations. The water vapor measurements at CFA on the morning of 6 July maximize at 06:30 CST and begin to show increased high frequency perturbations shortly after. Thus, it does appear from the water vapor data that the NBL had started to grow during the PTR-MS trends. These observations are consistent with the SODAR data which also show increased vertical mixing starting at 06:30 CST. Between 06:45 and 7:15 CST, the SODAR measurements suggest the surface layer increased in elevation from 125 to 275 m.
[26] The O 3 measurements can also be used to yield insight into the breakup of the NBL. O 3 slowly increased just after sunrise in response to increased NO 2 photolysis according to the photostationary state between O 3 , NO and NO 2 . O 3 gradually increased until 07:00 CST at which point the rate of change increased. This is likely due to the increased importance of vertical mixing after 07:00 CST. Vertical mixing continued to contribute to the O 3 increase until 10:00 CST when the boundary layer approached midday elevations. The small increase in O 3 between sunrise and 07:00 CST suggests that vertical mixing played only a minor contribution to the PTR-MS ISOP trend.
[27] The GC measurements of MACR+MVK increased to a maximum mixing ratio of 5 ppbv at 08:00 CST and then declined to typical daytime values between 09:00 and 10:00 CST. These observations suggest that the mixing ratios of MACR+MVK would have needed to be higher than 5 ppbv in the residual layer to produce the observed time series by entrainment. This possibility is highly unlikely as the residual layer is composed of air from the previous days convective boundary layer. Typical afternoon MACR+MVK mixing ratios were 0.8 ppbv. The maximum afternoon MACR+MVK mixing ratio for the entire campaign, under a variety of wind directions, was 2.0 ppbv. The nighttime chemical processing of ISOP in the residual layer is a possibility, however, calculations with a constant 2 ppbv ISOP and 60 ppbv O 3 over 10 hrs suggests that ozonolysis of ISOP in the residual layer is too slow to account for significant production of MACR+MVK (1.4 ppbv). Thus, it seems unlikely that vertical mixing would cause the first stage oxidation products to increase in concentration.
[28] Between 09:00 and 10:00 CST, MACR and MVK decreased sharply; a trend expected when boundary layer growth entrains air from the residual layer. Other carbonyls, such as acetaldehyde and propanal, also showed an increase between 07:00 and 09:00 CST, presumably due to the oxidation of reactive anthropogenic hydrocarbon precursors, then a decrease after 09:00 CST. CO also decreased sharply between 09:00 and 10:00 CST. These chemical trends are supported by the wind profiler measurements of boundary layer height. Boundary layer heights increased marginally between 07:00 and 08:30 CST (320 -420 m) and then significantly between 08:30 and 10:00 CST (420 -1310 m) as the inversion broke and the convective boundary layer grew rapidly. These observations suggest that vertical mixing only marginally affected the chemical trends between 06:45 and 8:00 CST and that OH-initiated oxidation dominated the ISOP trend between 06:47 and 07:15 CST.
Overall Trends in Nighttime ISOP
[29] Table 2 summarizes cases when ISOP decayed in the evening to near detection limits. Table 3 summarizes cases when ISOP sustained high ISOP mixing ratios throughout the night. By tabulating the nighttime data, we can begin to look for the factors that distinguish these two regimes. The distinctive features of the ISOP decay cases are the similarities in the NO mixing ratio (<0.083 ppbv), O 3 mixing ratio (28 -67 ppbv) and NO 2 mixing ratio (11 -20 ppbv). The large [O 3 ][NO 2 ] products result in large NO 3 -initiated ISOP oxidation rates (1.2 -3.0 hr À1 ). In contrast, the sustained nighttime ISOP cases are characterized by low O 3 mixing ratios (<22 ppbv) and low ISOP loss rates via OH and NO 3 . Differences in urban emissions, NBL dynamics and wind direction from night-to-night affect the observed balance between NO, NO 2 and O 3 and thus set up the conditions for the two regimes.
Summary
[30] This paper investigated ISOP trends after sunset when emissions of ISOP were small and the chemical budget was dominated by loss via OH and/or NO 3 . In this urban, forested environment, ISOP and its first stage oxidation products, MACR and MVK, showed marked variability in their evening and nighttime diurnal trends. This is in contrast to remote, forested environments where ISOP has a consistent diurnal pattern with a daytime maximum and a rapid decay in the evening.
[31] For cases when ISOP decayed rapidly in the evening and remained low throughout the night, observations of OH and NO 3 suggest rapid ISOP oxidation rates. OH was observed to be an important oxidant for ISOP throughout the day and for periods early in the evening (17:00 -19:00 CST). On average, NO 3 was observed to be the dominant oxidant for ISOP after 19:00 CST and throughout the night. For periods when the NO 3 -initiated ISOP loss rate was , ISOP typically decayed to below detection limits. These nights also sustained relatively high MACR, MVK and MPAN mixing ratios consistent with their slow reaction rates with NO 3 . The measurements of ISOP, NO 3 and OH described here support the conclusions of Starn et al. [1998a Starn et al. [ , 1998b . The importance of NO 3 as a nighttime oxidant for ISOP appears to be a characteristic of urban forested sites where moderate NO x conditions exist and the balance of the NO x is in the form of NO 2 .
[32] For cases when ISOP sustained high mixing ratios throughout the night, the observed ISOP oxidation rates via OH and NO 3 were low. These nights were generally characterized by high NO/NO 2 ratios resulting in decreased MPAN lifetimes and low MPAN mixing ratios. In an urban forested environment, it appears the availability of NO 3 depends critically on the balance between NO, NO 2 and O 3 , which in turns depends on the spatial heterogeneity of NO sources as well as wind direction and NBL dynamics. In this way, the nighttime ISOP trends at urban forested sites depends critically on a coupling between chemistry and dynamics. The evening of 6 July represents a case where a shallow NBL combined with wind directions from ISOP and urban emission sources results in the complete titration of O 3 and the build up of NO. This effectively reduces the oxidizing capacity of the nighttime boundary layer so that reactive hydrocarbons can sustain or even build up in concentration throughout the night. As observed on the morning of 6 July, this build up of reactive hydrocarbons sets up an interesting scenario just after sunrise. A rapid decrease in reactive hydrocarbon mixing ratios was observed with a corresponding increase in carbonyl mixing ratios. The trends in ISOP, MACR and MVK are consistent with OH-initiated processing just after sunrise but before mixing significantly redistributed the chemical species vertically. Future work should investigate how this early morning chemical processing of concentrated VOCs may affect peak afternoon O 3 levels in urban environments.
